We investigated the protective effect of Erythropoietin (EPO) analogue rHuEPO on renal injury induced by acute exhaustive exercise in the rat. Rats were randomly allocated to one of 3 groups: normal control (C), exhaustive exercise test (ET) and EPO pre-treatement (rHuEPO 2000 U/ kg) plus ET (EPO+ET ). Compared with controls, animals in the ET group had increased serum urea nitrogen, serum creatinine, urine protein, and renal tissue malondialdehyde (MDA) and decreased renal tissue nitric oxide (NO), nitric oxide synthase (NOS) and superoxide dismutase (SOD)
Introduction
Acute exhaustive exercise is a health risk of physical activity, eventually resulting in reduced functional capacity (19, 20, 27) . It also causes organ injury (1, 31) , especially due to "tissue ischemia" during the exercise and "ischemia reperfusion" after cessation of the exercise (27, 28) .
Acute exhaustive exercise entails particular risks of acute renal injury as demonstrated in athletes and heavy physical workers (22, 23, 29, 31) . Blood flow and oxygen supply to kidney will decline rapidly with the increase in exercise intensity, inducing both tissue ischemia, and "ischemia reperfusion" tissue injury (27, 28) . Free radical changes and apoptosis in renal tubular epithelial cells have also been described after exhaustive exercise (2, 15) .
Recently, erythropoietin (EPO) has been reported to have several important biological effects in addition to the stimulation of erythropoiesis. Recombinant Human Erythropoietin (rHuEPO), a synthetic form of EPO, has been shown to have protective effect against acute ischaemic injury in several organs and tissues (3, 4, 6, 8) . In the kidney, the protective effect of EPO has been observed both on acute renal failure (ARF) induced by ischemia reperfusion after experimental arterial occlusion and on damage to tubular cells when cultured under conditions of toxins and hypoxia (7, 34) , and appears to be due to inhibition of cell apoptosis, stimulation of cell regeneration, and promoted recovery of renal function (7, 25, 27, 30) .
Exhaustive exercise may differ from the above experimental conditions in several respects (no artery occlusion, severe changes in the whole body metabolism) and we were interested in investigating the potential beneficial effects of EPO on kidney in this common situation of effort and exhaustion. In this study we explored the effects of a single dose of EPO pre-treatment on the changes in renal function and renal tissue induced by acute exhaustive exercise in rats. Special attention was given to monitoring the functional performance of the animals, and to analyzing the degree of cell apoptosis in renal tissue.
Materials and methods

Animals
Twenty-four healthy male Sprague-Dawley rats, aged about two months and weighing 200 ± 20 g were used in this study. They were stratified, with matching body weights, into 3 groups of 8 animals: normal control (C), exhaustive exercise (ET) and exhaustive exercise plus EPO pre-treatment group (EPO+ET). All animals were similarly handled in the animal house of the university, had free access to food and water and were kept at a temperature of 25 ± 3℃, with natural illumination and ventilation. Their general health state and activity were monitored closely during the experiment. The experimental protocol for this study was pre-approved by the Hunan Normal University Institutional Review Board and in accord with the Public Health Service policy on the use of animals for research (10) .
Experimental procedure
All animals performed a 15 minutes warming up exercise by running on a horizontal-treadmill (slope gradient 0%, ZH-PT-1 Treadmill, Bio Equipment Co., Ltd.
Huaibei, Anhui, China) at a speed of 10 m/min. The animals in group C underwent no more exercise, while those of group ET were further imposed a treadmill running at gradient 10% for 10 minutes and speed of 18 m/min, and then 22 m/min, followed by 26 m/min for 15 minutes, and finally kept at 30 m/min (about 92.3% VO 2 max) until exhaustion. In the latter stage, the animals looked tired, their running speed gradually slowed down and movement and posture changed from stride to semi decubitus running with the abdomen occasionally touching the ground, or complete ventral decubitus running. In the last period, rats halted on the runway more than three times without any reaction to various driving manipulations, and exhibited shortness of breath, burnout, lying down, and weak or absent escape response (9, 21 ). To ensure the same level of exercise intensity, the animals were forced to keep a consistent running throughout the training by various stimulations such as sound, light, mechanical stimulation, or electrical stimulation of the tail. The same exercise procedure were applied to the EPO+ET group rats, except that they received an intraperitoneal (i.p) injection of rHuEPO (Diao Pharmaceutical, Chendu, China, Cas NO 20050704) 2000 U/kg diluted in 2 ml saline 30 minutes before the training (4).
Samples collection
After 24 hours recovery from exhaustive exercise, or from warming up exercise for control animals, the animals were anaesthetized with Midazolam (0.8 -1.2 ml/kg, i.p, the Veterinary Institution of Academy of Military Medical Sciences, China) and sacrificed by decapitation. Blood was collected from the heart and centrifuged to obtain the serum, which was stored at -20°C for serum urea nitrogen and creatinine tests. Urine was collected from the urinary bladder for protein test. The left kidney was taken out for morphological and biochemical examinations. The renal cortex was rinsed with ice-cold saline after removing the medulla. About 30% of renal cortex was fixed in 10% formaldehyde solution for histopathology examination; the rest was quickly frozen with liquid nitrogen and stored at -70°C for other related tests.
Determination of NO, MDA, SOD and other parameters of renal function
A 10% homogenate of renal cortex (0.1 g renal cortex and 0.9 ml saline) was prepared using an electric homogenizer. The supernatant was collected after centrifugation for 10 minutes at 2100 x g. NO is very instable with rapid metabolism in vivo, converting into NO 2¯ and NO 3¯. The applicated method was to revert NO 3¯ into NO 2¯ by using nitrate reductase specificity. Thus, the levels of NO were determined photometrically at 550 nm, measuring the color depth and absorbance value of each tube (standard, blank and sample tubes divided as the instruction of kit from Jianche Biological Institution, Nanjing, China). MDA was measured by thiobarbituric acid colorimetry. 
Statistical analysis
Data were analyzed by using statistical software SPSS (version 11.5 for Windows, SPSS, Chicago, IL, USA). All data are presented as mean ± SD. ANOVA followed by post-hoc test was used for multi-group comparison and Student-Newman-Keul's test for two group comparison. P < 0.05 was considered statistically significant.
Results
General condition of the rats after exercise
All the rats of the ET and ET+EPO groups fulfilled the exercise program. The rats of the ET group appeared exhausted, with obscuration of the eyes, while those of the EPO group looked normal (see Methods). The time until exhaustion was 180.5 ± 41.5 minutes in ET group, and 226.8 ± 64.0 minutes in the ET+EPO group. Although the time until exhaustion was longer in the EPO pre-treated rats, the difference between the two groups did not reach significance.
Changes in renal function
Urine protein content, serum urea nitrogen and serum creatinine were significantly increased in the ET group with respect to control, while only creatinine was increased in the EPO+ET group. The urine protein content and serum creatinine level in ET group were also significantly higher than in the EPO pre-treated group (p < 0.05, Table 1 ). 
Renal MDA, SOD, NO and NOS
Renal MDA concentration was increased in the ET group as compared with control, whereas the cell protective factors, e.g. NO, SOD and NOS activities were all decreased (p < 0.01, for NO and SOD; p < 0.05 for NOS, Table 2 ). The outcome was quite different in the group pre-treated with EPO: parameters in the ET+EPO group exhibited no significant difference with control, except for SOD activity, which was somewhat decreased (p < 0.05, Table 2 ). Accordingly, there was a significant difference between ET+EPO and ET for all other parameters: MDA, NO and NOS (p < 0.01, Table 2 ). 
Morphological changes of the kidney
Representative images of HE stained renal tissue are shown in The ultrastructure of kidney cells in the control group was normal. The filtration membrane was intact; podocyte foot processes were obvious and regularly arranged; capsular space were in focus; there was an intact glomerular basement membrane;
Chromatospherite was distinct in the cell nucleus, in which there was abundant well-distributed euchromatin and heterochromatin. (Fig. 2A) . In the ET group, the renal tissue was severely damaged: there was an intense intracellular vacuolisation in the sparse cytoplasm. In the nucleus, the chromatin was broken up and with vacuoles; the filtration membrane was broken; podocyte foot processes were unarranged; capsular space were out of focus; the glomerular basement membrane was foul up, and filtration barriers were markedly diminished compared with those of the control group (Fig. 2B) . Compared with those of ET group, kidneys of the EPO+ET group showed much less ultrastructure abnormalities: the glomerular basement membrane was rather intact; podocyte foot processes were less unarranged, capsular spaces less out of focus and filtration barriers less damaged. The structure of the cell nucleus was nearly normal. In a few nuclei, the chromatin had crumbled and was bunched peripherally (Fig. 2C) . 
Outcomes of TUNEL examination
Under the light microscope, the positive apoptotic cells showed brown TUNEL staining in the nuclei (Fig. 3) . Some positive TUNEL staining was also present in the cytoplasm due to the leakage of DNA fragments from the nucleus. The nuclei in normal non-apoptotic cells were stained blue, relatively larger with consistant shape and size. Some brownish TUNEL-positive nuclei could be observed in the control group (Fig. 3A) , but they were few and found in two rats only. In the ET group, the renal cells were rich in brownish positive nuclei and showed big cell gaps. Such apoptotic positive cells were displayed in all the slices. The same was true in those of the ET+EPO group except that less positive nuclei were seen in the slices (Fig. 3D ).
Thus, the apoptic incidence was 100% in both ET and ET+EPO groups comparing with 20% in the control group. The apoptotic index however was much higher in the ET than in the ET+EPO group (p < 0.05), although both ET and ET+EPO groups had a significantly higher apoptotic index than the control group (p < 0.01 and p < 0.05, respectively, Table 3 ). Acute high-intensity exhaustive exercise drastically reduces renal blood flow, resulting in incomplete ischemia of the renal tissue. After cessation of the exercise and recovery of blood supply, tissue reperfusion follows. Although essential for the survival of ischemic tissue, the "ischemia-reperfusion" process leads to marked ischemia and hypoxia of the renal cortex (27, 28) . Tubular epithelial cells appear particularly vulnerable to this injury. Depending on the severity of cell damage, the pathological process of the tubular epithelial cells may reverse and cell regeneration may occur. However, when cell necrosis takes place no regeneration will occur and the tissue damage will be irreversible (15, 30) .
The protective effect of EPO on exhaustive exercise induced kidney damage as found in the present study can be related to several mechanisms. First, EPO is known to inhibit renal cell apoptosis (7, 25) . EPO activates Janus tyrosine kinase (JAK2) and protein kinase B (Akt) in tubular cells, initiating the gene transcription of anti-apoptotic factors. These inhibit the activity of caspases, which play a key role in the apoptotic and necrotic processes (7). Uni-and bilateral ischemia-reperfusion injury study showed that apoptosis or necrosis occurred in the epithelial cells of the vasa recta and ascending thick limb of Henle's loop. EPO pre-treatment reduced the degree of renal injury by reducing the cell apoptosis and enhancing the cell proliferation (30) . In agreement with these findings, the present study shows that renal cell apoptosis after exhaustive exercise was significantly reduced by pre-treatment with the EPO analogue rHuEPO. EPO interfering with the apoptotic pathway may be related to the presence of EPO receptors in the renal tubule and the non-haemopoietic roles of EPO in the kidney, such as mitogenesis (13, 32) .
A second mechanism of EPO protective effect on kidney can be through NO regulation. Changes in NO content after exhaustive exercise have been described, in the exhaled air after exhaustive running (5), and in the hippocampus together with hippocampal neuronal damage after exhaustive swimming (11) . In the present study we found that renal NO, NOS (the key enzyme for NO synthesis) and SOD activities were much decreased by exhaustive exercise, while these activities were largely conserved in rats pre-treated with EPO. This finding is in agreement with the notion that EPO enhances NO (24) . Abnormal renal NO contents appear to play an important role in the development of renal injury (23) , and may cause damage to renal tissue and function (16) (17) (18) . The effect of EPO in conserving renal NO during acute exhausting exercise may therefore have significantly contributed to the protection of renal tissue observed concomitantly.
The NO decrease and the MDA increase that we observed in the renal tissue after exhaustive exercise no doubt resulted from renal ischemia and hypoxia. Both these changes were reverted by EPO pre-treatment. Several known effects of EPO may have contributed to this: 1) the severe acidic internal environment was corrected so that the NOS activity for NO synthesis was recovered; 2) the exercise induced hydrolysis of L-arginine was interfered with so that a sufficient substrate was available for the NO synthesis (26); 3) free radicals were eliminated (14, 30); 4) the secretion of vascular endothelin, a strong vasoconstrictor, was decreased, and thus attenuated the ischemia-reperfusion and other pathological changes (12) . Therefore, the content of NO would be increased after 24 h recovery from the exhaust exercise as
shown by the present experiment. 
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